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Abstract  9 
The World Stress Map (WSM) project is a global compilation of information on the 10 
contemporary crustal stress field from a wide range of stress indicators. The WSM 11 
database release 2008 contains 21,750 stress data records that are quality-ranked using an 12 
updated and refined quality ranking scheme. Almost 17,000 of these data records have A-C 13 
quality and are considered to record the orientation of maximum horizontal compressional 14 
stress SH to within ± 25°. As this is almost a triplication of data records compared with the 15 
first WSM database release in 1992, we reinvestigate the spatial wave-length of the stress 16 
patterns with a statistical analysis on a global 0.5° grid. The resulting smoothed global 17 
stress map displays both; the mean SH orientation that follows from the maximum 18 
smoothing radius for which the standard deviation is < 25° and a countour map that 19 
displays the wave-length of the stress pattern. This smoothed global map confirms that 20 
long wave-length stress patterns (> 2000 km) exist for example in North America and NE 21 
Asia. These have been used in earlier analyses to conclude that the global stress pattern is 22 
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primarily controlled by plate boundary forces that are transmitted into the intraplate region. 23 
However, our analysis reveals that rather short wave-length of the stress pattern < 200 km 24 
are quite frequent too, particularly in western Europe, Alaska and the Aleutians, the 25 
southern Rocky Mountains, Basin and Range province, Scandinavia, Caucasus, most of the 26 
Himalayas and Indonesia. This implies that local stress sources such as density contrasts 27 
and active fault systems in some areas have high impact in comparison to plate boundary 28 
forces and control the regional stress pattern.  29 
Keywords: spatial wave-length; stress pattern; tectonic stress; stress indicators; database 30 
1. Introduction 31 
The first public release of the World Stress Map (WSM) database in 1992 revealed that 32 
long spatial wave-length stress patterns (> 2000 km) exist in many plates, such as North 33 
America, Europe and South America (Zoback et al., 1989; Richardson, 1992; Zoback, 34 
1992). Furthermore, the contemporary orientation of the maximum horizontal 35 
compressional stress SH was primarily oriented sub-parallel to absolute plate motion in 36 
large areas of North America, Western Europe and South America (Gregerson, 1992, 37 
Zoback et al., 1989; Richardson, 1992; Zoback, 1992). This suggested that the plate 38 
boundary forces that drive plate motion, such as ridge push and slab pull, also have a first-39 
order control on the intraplate stress pattern (Zoback et al., 1989; Richardson, 1992; 40 
Zoback, 1992).  41 
The initial WSM database release 1992, in addition to subsequent regional stress studies, 42 
also demonstrated that second-order stress patterns with spatial wave-lengths of ~500 km 43 
can be caused by lithospheric flexure and intraplate lateral density contrasts, such as 44 
continental rifting, isostatic compensation, topography, and deglaciation (Gregerson and 45 















and Reynolds, 2000; Zoback and Mooney, 2003; Dyksterhuis et al., 2005; Bird et al., 47 
2006).  48 
Since the first WSM database release in 1992, there has been an increase of the WSM 49 
database from ~7700 to 21,750 data records in 2008 (Heidbach et al., 2008; 2009). Almost 50 
17,000 of these data records have A-C quality and are considered to record the SH 51 
orientation to within ± 25° (Figure 1). The last ten years have also witnessed a major 52 
increase in the amount of closely spaced stress data from numerous sedimentary basins that 53 
allows a more detailed examination of ‘third-order’ stress patterns on 1-100 km scale 54 
(Tingay et al., 2005; 2006; Heidbach et al., 2007). Third-order stress patterns can be 55 
generated by local density and strength contrasts, basal detachment, basin geometry, 56 
topography and active faulting (Bell, 1996; Müller et al., 1997; Tingay et al., 2005; 2006; 57 
Heidbach et al., 2007).  58 
The substantially smaller WSM database available in 1992 resulted in third-order stress 59 
patterns typically being either not observed or smoothed out and ignored (Heidbach et al., 60 
2007). For example, Müller et al. (this issue) discuss in detail the stress pattern and stress 61 
sources in Romania. They note that earlier stress analysis in Romania overly smoothed this 62 
stress data (Bada et al., 1998) using a smoothing radius of > 100 km to provide a regional 63 
stress pattern. However, the smoothed stress field has a mean deviation of > 40° from the 64 
observed SH orientation and thus is an inappropriate representation of the stress pattern. 65 
Furthermore, the mean SH orientation of the WSM data records in Romania is N70°, but 66 
with a standard deviation of 59.5° (Müller et al., this issue). Both values indicate that there 67 
is no regional trend in the stress pattern of Romania, but that the SH orientation varies on 68 
local scale, and thus is controlled by local stress sources.  69 
The widespread occurrence of localised stress patterns has been postulated in the first 70 















Their study investigated the spatial wave-length of the stress pattern by estimating the 72 
mean SH orientation for 5° x 5° bins using a subset with 4527 A-C quality stress data 73 
records from the WSM database release 1992. In their statistical analysis Coblentz and 74 
Richardson (1992) allowed a maximum standard deviation s0 < 25° for the mean SH 75 
orientation in each bin. As a result, they found that in half of the 382 bins that contained 76 
two or more stress data records s0 > 25° indicating that the stress pattern is probably 77 
controlled by regional or local stress sources. The results in the other bins with s0 < 25° 78 
indicates that broad regions of consistent mean SH orientation exist. However, their work 79 
did not quantify the varying wave-length of the stress pattern, but provides an estimate 80 
whether the SH orientation within a bin is random or not. Their fixed bin size of 5° x 5° 81 
implies a fixed global search radius of approximately 250 km.  82 
The primary aim of this study is to quantify the global variation of the spatial wave-lengths 83 
of the stress pattern and to provide the mean SH orientation on a global 0.5° grid based on a 84 
sound statistical analysis using the extensive WSM database release 2008. We first 85 
describe the major achievements and advancements of the WSM project that have resulted 86 
in an almost three-fold increase of data records in the WSM database since 1992. We then 87 
examine the global stress patterns utilising this greatly expanded 2008 WSM database. 88 
Instead of using 5° x 5° bins to estimate the mean SH orientation (Coblentz and 89 
Richardson, 1995), we apply variable search radii on a global 0.5° grid and determine the 90 
search radius at which the null hypothesis of random SH orientations can be rejected. This 91 
procedure results in the quantification of the appropriate search radius and the mean SH 92 
orientation. As a result, we obtain a smoothed global stress map that displays both, the 93 
mean SH orientation on a 0.5° grid and a contour map illustrating the wave-length of the 94 















2. The WSM database release 2008 – recent achievements and changes 96 
In the following three sections we briefly describe the major changes and recent 97 
achievements of the WSM project, particularly the updated and refined quality-ranking 98 
scheme for the SH orientation. 99 
2.1 Database overview 100 
The WSM database release 2008 contains 21,750 data records (Heidbach et al, 2008; 101 
2009), and approximately 17,000 A-C quality SH orientations, determined from a wide 102 
range of stress indicators (Table 1). The present-day SH orientation is primarily estimated 103 
from earthquake focal mechanism solutions, borehole breakouts and drilling-induced 104 
fractures (from borehole images or caliper log data), in-situ stress measurements 105 
(overcoring, hydraulic fracturing) and geological indicators (fault slip data, volcanic vent 106 
alignments). The information from the different stress indicators represent various crustal 107 
rock volumes ranging from 10-3 to 109 m3 (Ljunggren et al., 2003) and depths ranging from 108 
near the surface down to 40 km. Within the upper 6 km of the Earth’s crust the stress field 109 
is mapped by a wide range of methods with borehole breakouts as the major contributor. 110 
Below ~6 km depth earthquake focal mechanisms are the only stress indicators available, 111 
except from a few scientific drilling projects. Furthermore, the WSM project website now 112 
provides easy to use guidelines for the analysis and quality assessment of present-day SH 113 
orientations from earthquake focal mechanism solutions, borehole breakouts, drilling-114 
induced tensile fractures and overcoring tests (http://www.world-stress-map.org). 115 
2.2 Quality-ranking scheme 116 
A critical factor of the WSM project is the quality-ranking of all stress indicators following 117 
an internationally developed scheme. This quality-ranking scheme provides an assessment 118 















SH orientations that are obtained using different measurement techniques and observed at 120 
different depths (Zoback and Zoback, 1989; Zoback and Zoback, 1991; Zoback, 1992; 121 
Sperner et al., 2003). Each stress data record is assigned a quality between A and E, with A 122 
being the highest quality and E the lowest. A-quality indicates that the SH orientation is 123 
accurate to within ± 15°, B-quality to within ± 20°, C-quality to within ± 25°, and 124 
D-quality to within ±40°. E-quality marks data records with insufficient or widely scattered 125 
stress information. Data records assigned to A-, B-, or C-quality are typically considered 126 
reliable for use in stress analysis and the interpretation of geodynamic processes (Zoback 127 
and Zoback, 1989; Zoback and Zoback, 1991; Zoback, 1992; Sperner et al., 2003). The 128 
quality-ranking scheme has been refined and extended as existing techniques were further 129 
developed (Zoback and Zoback, 1989; Zoback and Zoback, 1991; Zoback, 1992; Sperner 130 
et al., 2003).  These changes are described in the following sections. 131 
Quality-ranking scheme for borehole breakouts 132 
The original 1992 WSM quality-ranking scheme for stress data from borehole breakouts 133 
required only four breakouts or a total of at least 30 m of breakouts (often in multiple 134 
nearby wells) with a standard deviation of < 25° to be rated as C-quality. However, at this 135 
time borehole breakouts were primarily interpreted from four-arm caliper logs, on which 136 
non-stress related features can easily be misinterpreted as breakouts (a problem that is 137 
particularly common with automatic breakout interpretation software). Furthermore, four 138 
breakouts or ≥ 30 m of breakout can encompass a very small volume of rock and the use of 139 
wells in ‘close proximity’ was ambiguous (sometimes interpreted to be all wells within the 140 
same basin). Hence, this quality-ranking scheme overestimated the reliability of borehole 141 
breakout in some areas for assessing the regional stress pattern. Because of these flaws, 142 















borehole breakouts in which both four breakouts and a combined length of ≥ 30 m must be 144 
met in a single well to obtain a C-quality. Furthermore, all breakouts interpreted using 145 
automatic software (i.e. not manually picked and identified) were disallowed and removed 146 
from the database. 147 
The last decade has also witnessed the more prevalent use of electric and acoustic image 148 
logs that allow borehole breakouts to be directly visualised and thus remove much of the 149 
possibility for misinterpretation. Image logs also allow the interpretation of much smaller 150 
breakouts (e.g. tens of cm rather than > 1 m for caliper logs) and of drilling-induced 151 
fractures, that were too small to be interpreted on caliper logs. Hence, image logs enable a 152 
much more accurate and improved interpretation of stress orientation over four-arm caliper 153 
logs. However, the greater reliability of stress orientations interpreted from image log data 154 
was underestimated under the Sperner et al. (2003) quality-ranking scheme. For example, 155 
the common image log observation of numerous small consistently-oriented breakouts over 156 
a long image log interval (e.g. 25 one meter log breakouts over several hundred meters of 157 
log) would only receive a D-quality under the quality-ranking scheme described in Sperner 158 
et al. (2003), despite reliably reflecting the SH orientation in a significant volume of rock. 159 
Hence, the WSM database release 2008 now includes different quality-ranking schemes for 160 
breakouts interpreted on four-arm caliper logs and for breakouts interpreted on image logs 161 
and a quality-ranking scheme for drilling-induced fractures that better reflects the ability 162 
for different log types to reliably estimate the contemporary SH orientation (Table 2).  163 
Quality-ranking scheme for focal mechanism solutions 164 
The majority of earthquake focal mechanism solutions in the WSM database are derived 165 
from single seismic events (denoted as FMS). Due to the expansion of the global seismic 166 















mechanism solutions increased significantly in the last decade. Furthermore, new 168 
techniques have been developed that allow to determining focal mechanism solutions for 169 
earthquakes with smaller magnitudes (e.g. Barth et al., 2007). This significant increase of 170 
earthquake focal mechanism solutions allows the application of formal stress inversion 171 
techniques in which a large number of single event solutions are used to better estimate the 172 
principal stress orientations and relative stress magnitudes (e.g.; Hardebeck and Michael, 173 
2004; Kastrup et al., 2004; Townend and Zoback, 2004; Townend and Zoback, 2006; 174 
Barth et al., 2007, Barth and Wenzel, this issue). The most common inversion techniques 175 
were developed by Angelier (1979), Michael (1984), Gephart and Forsyth (1984), and 176 
Rivera and Cisternas (1990).  177 
In order to account for this development, we refined and restructured the WSM quality-178 
ranking scheme for focal mechanism solutions (FM*) and added the new subtype FMF for 179 
stress data records from formal stress inversions. Since formal inversions minimise the 180 
difference between earthquake slip direction and maximum shear stress (Wallace-Bott 181 
hypothesis, Bott, 1959) the result of the inversion gives a standard deviation or average 182 
misfit angle from the minimization procedure. We use this misfit angle and the number of 183 
focal mechanisms used for the inversion to quality-rank the resulting SH orientation 184 
(Table 2).  185 
The quality of a formal inversion can not be inferior than B-quality (±20°). A higher 186 
average misfit angle or standard deviation would be in conflict with the C-quality (± 25°) 187 
that is per default assigned to all data records from FMS data (Table 2). If the result of a 188 
formal inversion is not better than the quality resulting from single focal mechanism 189 
solutions one has to assume that either the binning is not appropriate (i.e. the assumption 190 
made for the formal inversion that all events in a bin are driven by the same stress tensor is 191 















Furthermore, we restructured the original average focal mechanism solution (FMA) data 193 
type that formerly included formal inversions. This FMA data type now consists of stress 194 
data records from averaged or composite focal mechanisms only. Since these two methods 195 
do not take into account the conceptual difference between the stress tensor and the 196 
moment tensor they might be even less precise in fault plane orientations than FMS and 197 
thus are now all assigned to D-quality (reliable within ±40°).  198 
2.3 Possible Plate Boundary Events (PBE) 199 
The advantage of using well-constrained single focal mechanisms solutions is that they 200 
record stress induced deformation at depths where no other stress indicator is available and 201 
that they provide reliable information on the relative magnitudes of the principal stresses 202 
from which the tectonic regime can be determined. Nevertheless, a critical issue utilizing 203 
single focal mechanism solutions as stress indicators is that the P-, B-, and T-axis of the 204 
moment tensor do not necessarily coincide with the principal stress directions. In particular 205 
McKenzie (1969) showed that for the general case the only theoretical restriction on the 206 
maximum principal stress orientation is that it lies in the same quadrant as the P-axis. 207 
Despite this, Raleigh et al. (1972) state that the typical strength of homogeneous rock is 208 
such that new fractures are more likely to be generated than the reactivation of non-optimal 209 
oriented pre-existing faults. However, there is also evidence that non-optimally oriented 210 
faults may be preferentially reactivated if they have a very low coefficient of friction 211 
(Hickman, 1991; Bird and Xong, 1994; Streit, 1997; Zoback, 2000). Hence, the possible 212 
discrepancy between the P-, B-, and T-axis that are taken as proxies for the principal stress 213 
orientation, and the true orientation of the principal stress largely depends on the 214 
coefficient of friction of existing faults (McKenzie, 1969; Raleigh et al., 1972; Zoback and 215 















Due to these limitations a single focal mechanism solution is never assigned better than a 217 
C-quality in the WSM database (i.e. showing the SH orientation to within ± 25°). However, 218 
plate boundaries are likely to be zones of mechanical weakness that are potentially not 219 
optimally oriented with respect to the stress field. This is sufficient grounds for doubting 220 
and critically assessing the reliability of SH orientations deduced from single focal 221 
mechanism solutions that are located near presumably weak plate boundary zones. 222 
In the current WSM database release 2008 we flag stress data records from single focal 223 
mechanism solutions as possible ‘Plate Boundary Events’ (PBE) when they meet the 224 
following three criteria. (1) The tectonic regime of the single focal mechanism solution 225 
reflects the plate boundary kinematics. (2) One of the two deviations between the azimuth 226 
of the two nodal planes and the azimuth of the plate boundary is < 30°. (3) The event is 227 
located within the plate boundary zone of width w. 228 
The first two criteria can be checked using the tectonic regime that results from the focal 229 
mechanism solutions and the a priori chosen value of 30° for deviation between the 230 
azimuth of the two nodal planes and the azimuth of the plate boundary. For the third 231 
criterion, the width w of the plate boundary zone needs to be defined. Assuming that faults 232 
within plate boundary zones have a prevailing orientation that is similar to the major fault 233 
that defines the plate boundary, one of the deviations between the two nodal plane 234 
azimuths and the plate boundary azimuth is expected to be small. Thus, the histogram of 235 
the lesser of the two deviations should have a normal distribution (Figure 2, second 236 
column). Outside the plate boundary zone of width w the distribution of the deviation is 237 
expected to be uniform (Figure 2, third column). To test the null hypothesis that outside the 238 
plate boundary width w the distribution of the lesser of the two deviations is uniform we 239 















The subset used for this statistical analysis consists of 14,158 stress data records of the 241 
WSM database release 2008 that are deduced from single focal mechanism solutions. We 242 
first estimate for each data record of this subset the distance to the closest plate boundary 243 
segment using the global plate model PB2002 from Bird (2003). The plate boundary length 244 
of 260,000 km is divided into 5819 segments with a length between 1 and 109 km and each 245 
segment is assigned to one of the seven different plate boundary types stated in the PB2002 246 
model: continental transform faults, oceanic transform faults, oceanic spreading ridges, 247 
subduction, continental collision boundary, oceanic collision boundary, and continental 248 
rifting boundary. 249 
In a second step we group the stress data records from single focal mechanism solutions 250 
into seven subsets according to the closest plate boundary type that has been assigned to 251 
the event and take off all data records that do not have the appropriate tectonic regime 252 
(Table 3). The lesser of the two deviations between the two nodal plane azimuths and the 253 
plate boundary azimuth is binned into ten classes of five degrees for oceanic and 254 
continental transforms (CTF and OTF), ranging from 0-50° and into 18 classes of five 255 
degrees for the other five plate boundary types, thus ranging from 0-90°. The bin size 256 
ensures that each class has a sufficient number of data for a reasonable statistical analysis. 257 
We then perform the chi-square goodness-of-fit test for binned data on a 99.5 % 258 
confidence probability for the data that are at a critical distance dcrit to the nearest plate 259 
boundary. 260 
The dcrit is then increased from zero in steps of 5 km until our null hypothesis of a uniform 261 
deviation distribution is accepted (Figure 2, third column). When the value of the chi-262 
square goodness-of-fit test reaches the test statistic (23.59 for 10 classes and 35.72 for 18 263 
classes at the 99.5 % confidence probability), we find that dcrit is 45 km for continental 264 















and 200 km for subduction zones (Table 3). For continental collision the null hypothesis of 266 
uniform deviation distribution is not fulfilled for any distance and for oceanic collision and 267 
continental rifting boundaries the number of data is insufficient for a sound statistical 268 
analysis (Table 3).  269 
From the total number of 14,158 stress data records from single focal mechanism solutions 270 
8750 match the first criterion, i.e. they have the same tectonic regime as their closest plate 271 
boundary segment. 6088 of these stress data records are within the statistically determined 272 
width of the plate boundary zone. Finally, for 5669 of these data records (93%), the lesser 273 
of the two deviations between the plate boundary azimuth and the two nodal plane 274 
azimuths is < 30° and they thus receive a PBE flag (Table 3).   275 
The default setting in the web-based WSM database interface CASMO (Heidbach et al., 276 
2004) is that PBE are excluded from the visualization of the data on a stress map. 277 
However, users can define their own selection criteria for data records that are from single 278 
focal mechanism solutions based on the distance to the nearest plate boundary, the plate 279 
boundary type, and the tectonic regime of the event. This WSM database interface is 280 
available at http://www.world-stress-map.org/casmo. 281 
3. Global wave-length analysis of the stress pattern 282 
We conducted a global spatial wave-length analysis of the stress pattern using a subset of 283 
the WSM database release 2008 that contains A-C quality data and excluding the PBE-284 
flagged data records from single focal mechanism solutions. This results in a dataset with 285 
11,347 stress data records which is two and a half times the number of data than used in 286 
the statistical analysis of Coblentz and Richardson (1995) and in the purely qualitative 287 















3.1 Analysis procedure 289 
We calculate for a global 0.5° grid ŜH, the mean SH orientation and s0, the standard 290 
deviation of ŜH. For the determination of the ŜH orientation, the SH orientations are 291 
weighted by their quality and distance to the grid point . We start with a search radius of 292 
1000 km that is then decreased in steps of 100 km until the search radius rmax s reached for 293 
which s0 < 25°. However, we only plot the ŜH orientation when at least five data records 294 
are within rmax. The resulting smoothed global stress map displays both; the ŜH orientation 295 
and the colour-coded the rmax-values that indicate the wave-length of the stress pattern 296 
(twice the search radius) (Fig. 3). 297 
For the computation of the ŜH orientations the SH orientations are weighted by their quality 298 
(wQ=1/15 for A-, wQ=1/20 for B-, and wQ=1/25 for C-quality data) and their inverse 299 
distance to the grid point (wD=min(1/D, 1/20 km), where D is the distance between the 300 
data location and the grid point . The minimum value of wD=20 km for the distance weight 301 
is necessary in order to avoid an over-representation of data records that are located close 302 
to the grid point during calculation of the ŜH orientation.  303 
According to Mardia (1972) ŜH, the weighted mean of the SH orientations and s0, the 304 
standard deviation of the ŜH orientation  are defined as: 305 
°= 180mod
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The standard deviation s0=25° corresponds to the mean resultant length R =0.7, which is 313 
the value used by Coblentz and Richardson (1995) to discriminate between small and large 314 
dispersion of the SH orientations within their 5°×5° bins. 315 
For our global 0.5° grid the wave-length of the stress pattern is defined by the rmax-value 316 
for which s0 < 25°. Furthermore we demand that within rmax the number of data records is 317 
N ≥ 5. If for a grid point none of the tested search radii has s0 < 25°, we define “< 100 km” 318 
to be its wave-length, but again only if five or more data records are located within the 319 
100 km search radius.  320 
3.2 Results 321 
The results of this statistical analysis are presented with a smoothed global stress map that 322 
displays both; the ŜH orientations that result from rmax with s0< 25° and the colour-coded 323 
rmax-values (Figure 3). Blue colours indicate that the stress pattern is of regional to local 324 
wave-length (second- to third-order; rmax ≤ 400 km); yellow to red colours indicates regional 325 
to plate-wide wave-length (first- to second-order, rmax > 400 km). Qualitatively the results are 326 
very similar to the principal findings of Coblentz and Richardson (1995). Large areas show 327 
long wave-length stress patterns, such as in North America and NE Asia (Figure 3). Short 328 
wave-length stress patterns prevail in a variety of areas, particularly in the Basin and Range 329 















Asia (Figure 3). Also the ŜH orientations presented on a 2.5° global grid in Figure 3a show a 331 
very similar pattern to that presented in Coblentz and Richardson (1995) and qualitatively 332 
discussed by Zoback (1992) and Zoback and Zoback (1980; 1989; 1991).  333 
Shorter wave-lengths of the stress pattern correlate well with topography (Alps, Andes, 334 
Basin and Range, Caucasus, and Himalayas) and with plate boundary zones where the 335 
style of plate boundary type varies (Central America, Mediterranean, and SE Asia). There 336 
seems to be a correlation between data density and short wave-length of the stress pattern. 337 
However, there are also areas with long wave-length where data density is high 338 
(California, NW and SE of North America, NE Asia). The coincidence of data density and 339 
short wave-lengths is probably simply due to the higher disposability of stress data in 340 
tectonically active regions and, at the same time, that these areas have scattered SH 341 
orientations due to intra-plate stress sources such as topography, density contrasts, and 342 
strength anisotropies. The widespread occurrence of ŜH rotations on short spatial scales 343 
indicates that second- and third-order sources of stress have a major impact on the stress 344 
pattern in these regions. 345 
3.3 Variation of the statistical analysis parameter 346 
The statistical analysis mainly depends on the choice of the number of data records N that 347 
are requested within the search radius and the threshold value for s0. In section 3.2 we 348 
presented the results for N ≥ 5 and s0 < 25°. With these values ~ 84,000 of the ~ 260,000 349 
global 0.5° grid points returned values for the ŜH orientation and rmax (Figure 3). Changing 350 
N has no effect on the overall picture of these results. A smaller value for N is not justified 351 
from a statistical point of view and a higher N value would simply decrease the number of 352 
grid points for which values are returned. However, the impact of the chosen threshold 353 















is seen e.g. in the western part of North America. Figure 4 displays for this region the 355 
results with N ≥ 5 and s0 < 20°, 25° and 30°, respectively. The overall wave-length of the 356 
stress pattern remains, but in California and north of it, the colour flips from blue to red 357 
and vice versa when s0 is increased or decreased by 5° (Figure 4). In the first two rows of 358 
Table 4 the details of the statistical analysis reveal that s0 is not decreasing steadily for 359 
decreasing search radii, but that several minima exist. This holds on for most of the values 360 
in Northern California. However, the change of s0 does not affect at all the ŜH orientation 361 
which documents the stability of the statistical approach. This is also true on a global scale 362 
and is also clearly seen in the data presented in Table 4. In most of the places s0 is 363 
increasing steadily with decreasing search radius and the change of the ŜH ori ntation as a 364 
function of rmax is always less then 15°. 365 
Figure 5 shows the impact of different s0 values on the wave-length of the stress pattern for 366 
Europe. In comparison to California the changes are less drastic but more gradual. For a 367 
higher (lower) s0 threshold value the number of grid points where results are returned 368 
increases (decrease) and areas of longer wave-lengths of the stress pattern expand (shrink). 369 
Again we observe that the rotation of the ŜH orientation is small and rotations of ~20° are 370 
limited to a few sites (e.g. South Germany at 49.75°N, 9.75°E, Table 4). In contrast to 371 
previous findings of Müller et al. (1992) Western Europe exhibits short wave-lengths 372 
(< 200 km) except for England, Wales, Ireland and in the area east of the Tornquist-373 
Teissyre Zone that separates Western Europe from the East European Craton (Figure 5). 374 
Threse findings are independent of the choice of N and the threshold value for s0 375 
(Figure 5). 376 
We also investigate if the result for the rmax-value estimation is changing when starting the 377 
search for rmax from r=100 km upwards. Since for most of the grid points s0 i  decreasing 378 















However, in particular in California this is not true. Here the uneven distribution of the 380 
data record density leads to some areas where s0 is not decreasing steadily but has local 381 
minima (second column of Table 4).  382 
Furthermore, we checked whether higher or lower values for the search radius r change our 383 
results. Smaller r-values than used here have no impact on the general resulting stress 384 
pattern since most areas would not reach the minimum number of data records required 385 
(here N = 5) for smaller r. On a global scale r = 50 km would result only in ~ 350 386 
additional grid points and has no impact on the wave-length of the stress pattern or the ŜH 387 
orientation. Similar arguments hold on for higher search radii as the ones used in this 388 
analysis. For r = 2000 km the s0-values increase in general above our chosen threshold s0-389 
value of 25° (Table 4). 390 
4. Discussion and conclusions 391 
The WSM database has been extensively expanded in the last 16 years, increasing from 392 
~7700 data records in 1992 to 21,750 data records in 2008. However, it is important to 393 
note that the increase and improvements to the WSM database have not simply been due to 394 
addition of new data. The advances in stress determination techniques, new findings, and a 395 
better awareness of the reliability of stress indicators have also resulted in a large amount 396 
of data records from the original WSM 1992 database being removed or downgraded. For 397 
example the WSM 1992 database contained numerous indicators that are now classified as 398 
PBE or had been unreliably interpreted using automatic breakout picking software. 399 
Furthermore, the entries in the database have now been individually scrutinised, revealing 400 
a number of data records from the WSM database release 1992 that were incorrectly 401 
located or quality-ranked (even under old ranking schemes). In addition, the WSM project 402 















beginning the WSM project was rather hypothesis driven in order to investigate the 404 
questions whether there is a correlation between the intraplate SH orientation in the Earth’s 405 
crust and the plate motion as well as to address the question if the plate boundary forces 406 
are the principal source of crustal stress in intraplate regions (Sbar and Sykes, 1973, 407 
Zoback et al., 1989, Zoback and Zoback, 1991). Nowadays the WSM compilation is data 408 
driven, i.e. all data that pass the WSM quality ranking scheme are added to the database. 409 
This approach resulted in a WSM database that has an increasing percentage of data from 410 
plate boundary areas and sedimentary basins, both areas that are most likely not 411 
representative for the long wave-length intraplate stress pattern (Tingay et al., 2005; 2006, 412 
Heidbach et al., 2007).  413 
Using a dataset of 11,347 A-C quality data records our statistical wave-length analysis of 414 
the global stress pattern results in a mean SH orientation on a global 0.5° grid. In contrast to 415 
this, Coblentz and Richardson (1995) used a statistical analysis with fixed 5° x 5° bins 416 
based on 4537 A-C quality data records. Surprisingly, the mean SH orientations of 417 
Coblentz and Richardson (1995) are remarkably similar to those of the analysis presented 418 
here. However, due to the greater spatial coverage our analysis also provides mean SH 419 
orientations in places offshore Western Europe, Northern Africa, SE Asia, the western 420 
Pacific plate and Siberia. This analysis uses the same threshold value of the standard 421 
deviation  s0  < 25° as was used in the study by Coblentz and Richardson (1995). However, 422 
the 5° x 5° bins used in the Coblentz and Richardson (1995) study are quite large 423 
(approximately 550 km in N-S direction) and, as such, are much bigger than the adequate 424 
search radius observed in many regions herein. Indeed, our analysis of the stress patterns of 425 
western Europe, Alaska and the Aleutians, the southern Rocky Mountains, Scandinavia, 426 















order of less than 200 km, that would not be detectable in the Coblentz and Richardson 428 
(1995) analysis.  429 
The earlier visual and statistical analyses and interpretations (Coblentz and Richardson, 430 
1995; Müller et al., 1992; Zoback, 1992) led to the conclusion that consistent SH 431 
orientations exist across broad regions and that these orientations are the result from far-432 
field plate boundary forces that are transmitted throughout the intraplate region. From the 433 
shorter wave-lengths of the stress pattern resulting from our study we conclude that the 434 
plate boundary forces either act over shorter distances or that local and regional stress 435 
sources are in the order of the magnitudes of the plate boundary forces. However, we can 436 
not rule out that local high density of stress data records from sedimentary basins and the 437 
increasing number of data records that come from focal mechanisms near plate boundaries 438 
distort the long wave-length stress pattern. Thus, from our findings we can not exclude that 439 
e.g. in Europe a long wave-length stress pattern is still prevailing at greater depth in the 440 
intraplate regions.  441 
Regardless these uncertainties our analysis estimates for the first time a global dataset of 442 
the mean SH orientation on a 0.5° grid based on a sound statistical analysis. The tests on 443 
the statistical parameter showed that the results of the mean SH orientations are robust. 444 
Thus, we provide this dataset and regular updates on the WSM project website 445 
(http://www.world-stress-map.org). Instead of using a single constant smoothing radius for 446 
the whole region of interest, which is often not justified, our smoothed SH orientations can 447 
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Table 1. Data type and data quality in the WSM database release 2008 (Heidbach et al., 2008; 624 
2009). 625 





Focal mechanisms (FMF, FMS, FMA) 15,689a 13,959b 
Borehole breakouts (BO, BOC, BOT) 4125 2168 
Drilling-induced fractures (DIF) 278 82 
Geological: fault-slip (GFI, GFM, GFS) 434 331 
HydroFrac (HF, HFG, HFP, HFM) 349 228 
Borehole slotter (BS) 33 0 
Overcoring (OC) 611 94 
Geological: Volcanic alignment (GVA) 220 98 
Petal Centreline fractures (PC) 9 9 
Shear wave splitting (SW) 2 0 
Total 21,750 16,969 
a This number includes 5669 data records from single focal mechanism solutions (FMS) located 626 
close to a plate boundary and flagged as possible plate boundary event (PBE) indicating that they 627 
have a larger potential for a large offset between the principal strain axis and the principal stress 628 
orientations (further details are given in section 2.3). 629 
b This number includes 5623 data records from single mechanism solutions (FMS) that are flagged 630 















Table 2. 2008 World Stress Map quality-ranking system for SH orientation. 
Stress indicator 
A  
SH believed to be within ± 15° 
B 
SH believed to be within ± 15-20° 
C  
SH believed to be within ± 20-25° 
D  
Questionable SH orientation (± 25-40°) 
E 
















• Formal inversion of ≥ 15 well 
constrained single event solutions 
in close geographic proximity and 
s.d. or misfit angle ≤ 12° 
• Formal inversion of ≥ 8 well 
constrained single event solutions 
in close geographic proximity and 
s.d. or misfit angle ≤ 20° 
- - - 
Single 
(FMS) 
- - • Well constrained single event 
solution, M ≥ 2.5  
(e.g. CMT solutions) 
• Well constrained single event solution, 
M < 2.5 
• Mechanism with P,B,T axes all 
plunging 25°-40° 
• Mechanism with P and T axes both 
plunging 40°-50° Average 
(FMA) 
- - - • Average of P-axis trends or circular 
statistics of P-axis trends 
















• ≥ 10 distinct breakouts and 
combined length ≥ 300 m in a 
single well with s.d. ≤ 12° 
• ≥ 6 distinct breakouts and 
combined length > 100 m in a 
single well with s.d. ≤ 20°  
• ≥ 4 distinct breakouts and 
combined length ≥ 30 m with s.d. 
≤ 25°  
• < 4 distinct breakouts or < 30 m 
combined length in a single well with 
s.d. ≤40° 
• Wells without reliable breakouts or 
s.d. > 40° 
from image 
logs  
• ≥ 10 distinct breakouts and 
combined length ≥ 100 m in a 
single well with s.d. ≤ 12° 
• ≥ 6 distinct breakouts and 
combined length > 40 m in a 
single well with s.d. ≤ 20°  
• ≥ 4 distinct breakouts and 
combined length ≥ 20 m with 
s.d. ≤ 25°  
• < 4 distinct breakouts or < 20 m 




• ≥ 10 distinct fractures in a single 
well with a combined length ≥
100 m and s.d. ≤ 12°  
• ≥ 6 distinct fractures in a single 
well with a combined length 
≥ 40 m and s.d. ≤ 20°  
• ≥ 4 distinct fractures in a single 
well with a combined length 
≥ 20 m and s.d. ≤ 25°  
• < 4 distinct fractures in a single well 
or a combined length < 20 m and 
s.d. ≤ 40°  
• Wells without fracture zones or 
s.d. > 40° 
Hydraulic Fracture 
(HF) 
• ≥ 5 hydrofrac orientations in a 
single well with s.d. ≤ 12° 
• depth ≥ 300 m, and distributed 
over a depth range ≥ 300 m 
• ≥ 4 hydrofrac orientations in a 
single well with s.d. ≤ 20° 
• depth ≥ 100 m, and distributed 
over a depth range ≥ 200 m 
• ≥ 3 hydrofrac orientations in a 
single well with s.d. ≤ 25° 
• depth ≥ 30 m, and distributed over 
a depth range ≥ 100 m 
• Single hydrofrac orientation  • Wells in which only stress 
magnitudes are measured, without 





• ≥ 11 measurements with depth ≥ 
300 m and s.d. ≤ 12°  
• ≥ 8 measurements with depth 
≥ 100 m and s.d. ≤ 20°  
• ≥ 5 measurements with depth 
≥ 30 m and s.d. ≤ 25°  
• ≥ 2 measurements with depth ≥ 10 m 
and s.d. ≤ 40°  
• < 2 measurements or depth < 10 m 
or s.d. > 40° 
• Measurements in boreholes extending 
less than two excavation radii from the 
excavation wall  
• Distance to topographic features less 
than three times the height of the 
topographic feature 
Fault Slip (GF) • Inversion of ≥ 25 fault-slip data 
with a fluctuation ≤ 9° for ≥ 60% 
of the whole dataset 
• Inversion of ≥ 15 fault-slip data 
with a fluctuation ≤ 12° for ≥ 45% 
of the whole dataset 
• Inversion of ≥ 10 fault-slip data 
with a fluctuation ≤ 15° for ≥ 30% 
of the whole dataset  
• Attitude of fault and primary sense 
of slip known, no actual slip vector 
• Inversion of ≥ 6 fault-slip data with a 
fluctuation ≤ 18° for ≥ 15% of the 
whole dataset  
• Offset core holes or quarry popups  




• ≥ 5 Quaternary vent alignments or 
"parallel" dikes with s.d. ≤ 12° 
• ≥ 3 Quaternary vent alignments or 
"parallel" dikes with s.d. ≤ 20° 
• Single well-exposed Quaternary dike 
• Single alignment with ≥ 5 vents 
• Volcanic alignment inferred  




- - • Mean orientation of fractures in a 
















Table 3. Subsets of A-C quality focal mechanism solutions (FMS) according to their tectonic 632 
regime and the type of the nearest plate boundary. 633 
Plate boundary typea Tectonic 
regime 






Continental transform  SS, TS, NS 543 45 282 245 87 
Oceanic transform SS, TS, NS 1861 80 1436 1359 95 
Oceanic spreading ridge NF, NS 1193 70 967 881 91 
Subduction TF, TS 3793 200 3403 3184 94 
Continental collision TF, TS 881 - - - - 
Oceanic collision TF, TS 197 - - - - 
Continental rifting NF, NS 282 - - - - 
Sum  8750  6088 5669 93 
a plate boundary characterization adapted from the global plate model PB2002 (Bird, 2003) 634 
b number of FMS data records with the suitable tectonic regime 635 
c number of FMS data records within the critical distances dcrit 636 
d number of FMS data records detected as Possible plate Boundary Events (PBE) 637 




Table 4. Details on the results of the statistical analysis at four locations.  642 








r ŜH s0 N ŜH s0 N ŜH s0 N ŜH s0 N 
10 4.8 6.4 7 14.0 0 1 130.0 0 1 - - 0 
25 0.1 6.9 25 14.0 0 1 128.5 1.5 2 - - 0 
50 5.3 18.3 97 14.9 1.4 2 137.1 11.6 4 - - 0 
100 8.0 18.2 187 10.6 9.5 5 140.9 14.8 13 - - 0 
200 8.1 17.6 335 12.6 23.2 25 145.5 22.1 89 - - 0 
300 8.4 18.1 483 21.6 27.9 78 154.5 26.8 275 - - 0 
400 8.9 18.5 547 23.6 26.5 157 153.5 29.5 419 - - 0 
500 9.0 18.8 595 18.8 25.0 319 153.7 31.1 539 120.0 14.7 3 
600 9.1 18.9 621 18.2 24.1 429 153.6 32.7 665 122.3 14.9 5 
700 9.2 19.0 649 16.5 23.1 610 154.3 33.7 794 122.3 14.9 5 
800 9.2 19.0 677 15.0 23.3 710 153.7 33.9 944 115.2 20.0 7 
900 9.1 19.1 715 14.6 23.4 794 154.2 35.6 1122 110.8 23.7 9 
1000 9.1 19.2 759 14.1 24.2 870 154.1 36.4 1239 110.8 23.8 9 
1500 9.0 19.5 937 14.3 25.0 1015 153.2 39.7 1848 114.8 26.4 16 
2000 9.0 19.8 1120 15.0 25.6 1159 150.8 41.1 2346 116.0 34.6 67 
Columns as follows: r is the search radius in km, ŜH, the mean of the orientations of the maximum 643 
horizontal compressional stresses SH given in degree, s0 is the  standard deviation of ŜH given in degree 644 
















Figures captions 647 
 648 
Figure 1. Global stress map based on the WSM database release 2008 using the 11,346 stress 649 
data records with of A-C quality, but excluding all Possible plate Boundary Events (PBE) 650 
(Heidbach et al., 2008; 2009). Lines represent orientations of maximum horizontal 651 
compressional stress SH, line length is proportional to quality. Colours indicate stress regimes 652 
with red for normal faulting (NF), green for strike-slip faulting (SS), blue for thrust faulting 653 
(TF), and black for unknown regime (U). Plate boundaries are taken from the global model 654 
PB2002 of Bird (2003). Topography is based on the ETOPO1 data from the National 655 
















Figure 2. Histogram of the lesser of the two deviations between the nodal plane azimuths of 658 
single focal mechanism solutions and the plate boundary azimuth. First column gives the 659 
deviation distribution of all stress data records deduced single focal mechanism solutions with 660 
the appropriate tectonic regime (SS=strike-slip, TS=transpression, NS=transtension, 661 
TF=thrust faulting, NF=normal faulting). Second column shows the deviation distribution for 662 
the datasets within the critical distance dcrit that resulted from the statistical analysis of the 663 
deviation distribution and the third column the deviation distribution for datasets beyond the 664 
















Figure 3. Results of the statistical stress pattern analysis displayed on global maps. 667 
Rectangles indicate the location of Figures 4 and 5. (a) Global smoothed stress map that 668 
displays both; ŜH, the mean orientation of the maximum horizontal compressional stress SH, 669 
and rmax, the maximum search radius for which the standard deviation s0 f the ŜH orientation 670 















within rmax is ≥ 5. (b) Points indicate the locations of the 11,346 A-C quality data records from 672 






























Figure 4. Smoothed stress map of North America for three different values of s0; same legend 675 
as in Figure 3a. For all three results the overall pattern of the wave-length remains. The Basin 676 
and Range area and the NW coast exhibits short wave-length of their stress pattern. In 677 
California the high variability of data density leads to a flip of the colours from blue to red 678 
when s0 is increased. Note that the change of the ŜH orientation with changing s0 is 679 






























Figure 5. Smoothed stress map of Europe for three different values of s0; same legend as in 682 
Figure 3a. In most areas of central Europe and the Mediterranean short wave-length of the 683 
stress pattern is prevailing, indicating that regional to local stress sources contribute 684 
significantly to the ŜH orientation. Only in Great Britain, Ireland, offshore west and east of the 685 
Tornquist-Teissyre Zone, that marks the border to the East European craton, the stress pattern 686 
displays longer wave-length. In contrast to California (Figure 4) an increase of s0 results in a 687 
gradual and smooth change of the wave-lengths of the stress pattern. Again, the ŜH orientation 688 
is almost unaffected by the change of s0. 689 
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